The physical behavior of condensed matter can be drastically altered in the presence of interfaces. Using a high-energy x-ray transmission-reflection scheme, we have studied ice-SiO 2 model interfaces. We observed the formation of a quasiliquid layer below the bulk melting temperature and determined its thickness and density as a function of temperature. The quasiliquid layer has stronger correlations than water and a large density close to HDA 1:17 g=cm 3 of high-density amorphous ice suggesting a structural relationship with the postulated high-density liquid phase of water. DOI: 10.1103/PhysRevLett.92.205701 PACS numbers: 64.70.Dv, 61.10.Kw, 68.08.Bc Water in its various forms is virtually omnipresent on Earth, and, without water, life would not be possible. Despite its importance and the amount of research devoted to the understanding of the structure and properties of water in ice [1] , it still holds unsolved mysteries ranging from unusual response functions [2] to the melting behavior [3] .
The physical behavior of condensed matter can be drastically altered in the presence of interfaces. Using a high-energy x-ray transmission-reflection scheme, we have studied ice-SiO 2 model interfaces. We observed the formation of a quasiliquid layer below the bulk melting temperature and determined its thickness and density as a function of temperature. The quasiliquid layer has stronger correlations than water and a large density close to HDA 1:17 g=cm 3 of high-density amorphous ice suggesting a structural relationship with the postulated high-density liquid phase of water. Water in its various forms is virtually omnipresent on Earth, and, without water, life would not be possible. Despite its importance and the amount of research devoted to the understanding of the structure and properties of water in ice [1] , it still holds unsolved mysteries ranging from unusual response functions [2] to the melting behavior [3] .
The melting transition of a solid is characterized by the loss of long-range translational order. Therefore, all Fourier components of the long-range order, i.e., the Bragg reflections, are affected as the relevant order parameters [4] . Only the average density as the zero order Fourier component is conserved with a slight but discontinuous change across the transition. The ice-water phase transition exhibits two particular interesting features linked to the average density, which are in some respects in theoretical conflict: One is pressure-induced melting which is mediated by the anomalous density increase upon melting from the low density of the Ih ice structure ( s 0:92 g=cm 3 ) to the high density of water ( l 1:0 g=cm 3 at 273 K). The Clausius-Clapeyron relation then leads to the well-known negative slope of the melting curve T m p.
The other phenomenon is surface-induced melting, i.e., the appearance of a macroscopic quasiliquid layer at the surface of ice well below T m . This effect also occurs in other materials [5, 6] but is particularly pronounced in the case of ice. Typically 15 K below the bulk melting temperature, the surface of ice becomes unstable with respect to surface melting [7] . While surface melting of ice is well established experimentally, confirmed by many different techniques [7] [8] [9] [10] , it should not occur according to the ''Hamaker criterion,'' which is based on a rather general expression for the interfacial energy gain or penalty upon the formation of a premelting quasiliquid layer [11] . The negative density gradient s ÿ l between the solid and liquid phase renders the Hamaker constant negative and the surface melting energetically unfavorable [12] .
In the case of interfacial melting a new interface between the quasiliquid layer and the mineral occurs (see Fig. 1 ); therefore, the Hamaker argument no longer holds in its original form [13] , and it is a priori not clear whether an interfacial quasiliquid layer emerges below the bulk melting point. While the occurrence of interfacial melting of ice itself has important environmental and technological consequences [3] , there are no studies of the interfacial melting scenario with high spatial resolution reaching down to atomic length scales [14] . Since the average density exhibits anomalous behavior across the melting transition of ice, it is particularly interesting to directly probe the density and its profile across the interface by x-ray reflectivity techniques.
In order to investigate the effect of an interface on the melting of ice, we have prepared a model-type icemineral interface by contacting high-purity single crystal ice with amorphous SiO 2 . This interface might serve as a model for ice-rock interfaces as they appear in nature. By x-ray reflectivity we investigated in situ the thermal behavior of this ice-SiO 2 interface during heating and cooling and found indeed clear-cut evidence for interfacial melting. Most intriguingly, we also discovered that the emerging interfacial layer exhibits a strongly enhanced density compared to bulk water.
For a direct probe of the existence of any interfacial quasiliquid layer, we use a new x-ray diffraction scheme [15] , exploiting highly brilliant high-energy x rays provided at third generation synchrotron radiation sources and compound refractive x-ray lenses [16] . It allows one to produce penetrating high-energy x-ray beams with m cross section and high collimation which are the ideal in situ probe of ice-solid interfaces. At the European Synchrotron Radiation Facility such an experimental setup has recently been installed at beam line ID15A ( Fig. 2 ) [15] . A monochromatic high-energy x-ray beam (E 71:3 keV, E=E 0:2%) from a synchrotron radiation source is focused by 232 Al parabolic refractive lenses (CRL) to a size of 5 m (vertical) by 15 m (horizontal) at the sample position. The x-ray beam penetrates the sample (24 mm long) at almost normal incidence from the side, thus illuminating only the ice-SiO 2 interface, and gets internally reflected at the ice-solid interface. The reflected beam has been monitored by a scintillation counter after vertical collimation to 46 rad by a pair of adjustable slits. Typical reflected x-ray intensities as a function of perpendicular momentum transfer q are sketched on the right side of Fig. 2 . A single interface gives rise to the smooth Fresnel curve (blue line), while an emerging quasiliquid layer with different density qll and thickness L produces interference fringes with an approximate period 2=L in the reflectivity curve (red curve). Below the critical value q c total reflection occurs. The measured reflectivity curve allows one to extract the microscopic density profile across the interfacial layer in a straightforward way [17] . In order to establish reproducible experimental conditions, the x-ray experiments were carried out on a welldefined ice-SiO 2 model system in a special sample cell which provides a well-controlled environment. A silicon block (24 24 8 mm 3 ) was polished to a roughness of 0.5 nm and cleaned with standard recipes (Piranha, RCA). At the final stage, the silicon block is covered by a thin layer of native amorphous SiO 2 . The ice sample was thermally cut from a large single crystal with basal (00.1) orientation using clean metal wires. The ice surface was then polished with the smooth and clean silicon sample which was kept at 277 K. Moving the ice slowly against the silicon block allows one to flush impurities from the interface during the polishing process. Immediately after the polishing process the silicon block was slowly cooled, which led to recrystallization of the molten water layer at the interface. The sample was then sealed with a pure aluminum foil at ambient pressure and mounted between two Peltier elements for cooling in the sample cell. Three calibrated Pt100 sensors were used for controlling and constantly monitoring the sample temperature. During the reflectivity measurements the background scattering and the integrated reflected intensity at each perpendicular momentum transfer q have been obtained from transverse momentum scans.
P H Y S I C A L R E V I E W L E T T E R S
The temperature-dependent x-ray reflectivity profiles are summarized in Fig. 3(a) . For low temperatures, they show the characteristic Fresnel curve modified by surface roughness at the ice-SiO 2 interface [see the corresponding density profile in the lower part of Fig. 3(b) ]. Upon heating an additional x-ray intensity starts to emerge at high q values which gets gradually shifted to lower q values and finally develops to pronounced interference fringes. The effect is fully reversible and, thus, a direct evidence for the emergence of an equilibrium interfacial layer between ice and SiO 2 with a noticeably different density and rather well-defined interfaces [see the upper part of Fig. 3(b) ].
From a detailed but rather straightforward analysis of the x-ray reflectivity profiles [full curves in Fig. 3(a) ] the density profile [for a structural model, see ] as a function of distance to the solid surface. Three different approaches were used to obtain the density profile across the interface (kinetic and dynamic x-ray reflectivity calculations as well as a phase inversion algorithm [17] ).
The quasiliquid layer starts to emerge at an onset temperature of T 0 T m ÿ 17 K with an uncertainty of 3 K, and then its thickness increases smoothly as the temperature approaches the bulk melting temperature of ice [ Fig. 4(a) ], thereby following in a very good approximation a logarithmic growth law [straight line in Fig. 4(a) ],
which is expected from the theory of equilibrium wetting. The constant a0 corresponds here to the decay length of the nonordering (average) density as measured at the inplane momentum transfer q jj 0 [19] . From the slope in Fig. 4 (a) we obtain a0 0:84 0:02 nm. This value can be compared with the bulk water correlation length with experimentally determined values ranging from l 0:45 nm [20] to l 0:8 nm [21] as measured in the small angle (q ! 0) x-ray scattering regime. This suggests that the observed nanosized premelting layer intercalated between ice and SiO 2 exhibits stronger local correlations than bulk water. This conclusion is corroborated by the measured average density qll T [Fig. 4 which reveals an intriguing phenomenon: Within the entire temperature range covered by our experiment, the observed average density of the interfacial quasiliquid layer is much higher than l 1:0 g=cm 3 (bulk water), and close to 256 K where the quasiliquid layer starts to form, the density is as large as qll 1:2 g=cm 3 . The data also show within the experimental error that the average density qll T tends to decrease to the asymptotic value l 1:0 g=cm 3 for T ÿ T m ! 0 or, equivalently, for L ! 1 [straight line in Fig. 4(b) ]. We emphasize here that the strongly enhanced density of the premelting layer as deduced from the x-ray evidence is a very robust experimental fact. By our analysis we have modelindependently verified that only a strongly enhanced density at the interface can account for the observed x-ray reflectivity profiles. Figure 5 displays the low-pressure part of the water phase diagram, where H 2 O can exist in several crystalline and amorphous forms, such as high-density amorphous (HDA) and low-density amorphous (LDA) ice. In current water theories [2, 23, 24] , these are the vitreous counterparts of two different forms of liquid water-a lowdensity liquid phase (LDL) and a high-density liquid phase (HDL) (also shown in Fig. 5 ). Most striking, the measured density of the premelting layer is very close to the ambient pressure density of HDA ice, HDA 1:17 g=cm 3 , pointing to a close structural relationship. However, since the observed interfacial premelting is an equilibrium phenomenon, one must assume that the observed quasiliquid layer is not governed by the vitreous HDA phase but rather by (equilibrium) fluctuations of the hypothetical liquid HDL phase. Then, as the thickness of the premelting layer grows, fluctuations of the LDL phase would progressively become possible and give rise to the observed decrease of the average density. This scenario, suggested by the experimental evidence, raises the question why the particular nanosized geometry provided by the interface-premelting scenario favors the appearance of fluctuations into the HDL phase and to which extent the structure and/or chemistry of the ice-SiO 2 interface is important. If these questions are addressed by theoretical arguments, the experimental conditions (geometry and chemistry) could be tailored to stabilize and then study one particular water fluctuation.
The observed interfacial melting has important ramifications for environmental phenomena [3] , as permafrost and the motion of glaciers. Since these effects depend on the mechanical properties of the interfacial layer, the observation of a high-density phase of water instead of bulk water at the interface is particularly interesting. The environmental impact of interfacial melting is also determined by the solubility of impurities such as Na, Cl, or Br [25] in the premelting quasiliquid. For bulk systems it is known that most impurities have a small solubility in ice and a large solubility in water. In the case of large solubility in the high-density premelting quasiliquid, interfacial melting might spark a self-amplifying process, where enrichment of impurities in the quasiliquid layer leads to a true reduction of the melting temperature.
In conclusion, we have shown that ice in contact with a SiO 2 model interface exhibits interfacial melting. It features the characteristics of a wetting transition in the temperature range covered by the experiment. The strong confinement of the quasiliquid between ice and SiO 2 leads to an equilibrium high-density structure. Future experiments determining the liquid structure factor parallel to the interface will clarify the relation with the postulated high-density phases (liquid or amorphous) of water.
This work has been funded by the Deutsche Forschungsgemeinschaft in the priority program on ''wetting and structure formation at interfaces'' and by the Swiss National Science Foundation (J. B.). . Phase diagram of water at moderate pressures compiled from Refs. [1, 22] . The dashed blue lines terminating in a tentative critical point C separate low density and high density water from low density and high density amorphous ice. The numbers in parentheses denote the densities (at atmospheric pressure).
